Based on the size-dependent exchange interaction of antiferromagnets, the blocking temperature in exchange-biased ferromagnetic/antiferromagnetic bilayers is modelled as a function of the thickness of the antiferromagnetic layer. It is found that this temperature decreases with decreasing layer thickness, which agrees with the available experimental measurements for Fe 3 O 4 /CoO, NiO/NiFe, CoNiO/NiFe, IrMn/NiFe, Py/IrMn, IrMn/CoFe, FeMn/NiFe, MnPt/CoFe and FeF 2 /Fe bilayers. The correspondence between the model predictions and experimental evidence results in a deeper understanding of the present models for the above phenomena.
Introduction
Exchange bias refers to a shift of the hysteresis loop along a magnetic field axis, which can be observed in exchange interacting ferromagnetic/antiferromagnetic (FM/AFM) materials [1] . Materials exhibiting the exchange bias and related effects have been proposed and utilized in applications such as permanent magnet materials, high density recording media, domain stabilizers in recording heads, spin-valve devices and giant magnetoresistance (GMR) type devices [2] [3] [4] . However, the microscopic origin of this effect is not well understood yet [2] [3] [4] .
One of the most important properties of exchange bias is its thermal stability indicated by the blocking temperature T b , which is of concern for the design of magnetic heads and governs the choice of the biasing materials [2] [3] [4] . At T b , the exchange bias field H e , which is equal to the shift of the hysteresis loop, approaches zero. T b has been intensively investigated as a function of antiferromagnetic layer thickness D due to its scientific and industrial importance [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . As D decreases, it has been found that the T b (D) function decreases in epitaxial Fe 3 O 4 /CoO [5] [6] [7] , NiO/NiFe [8] , CoNiO/NiFe [8] , IrMn/NiFe [8] , Py/IrMn [9] , NiFe/IrMn [10] , CoFe/IrMn [11, 12] , IrMn/NiFe [12] , FeMn/NiFe [13] , MnPt/CoFe [14] and FeF 2 /Fe bilayer systems [15] . In the light of the aforementioned experimental results, empirical T b (D) functions have been proposed. One of them, based on the thermal fluctuation model for polycrystalline AFM films, is given as follows [10, 16, 17] ,
where ∞ denotes the bulk size, the shift exponent δ = 1/2λ with λ being the critical index of the temperature-dependent AFM moment m AFM (T ) = m T =0
AFM (1 − T / T N ) λ , where T N is the Néel temperature [10, 16, 17] . ξ = J INT /(2K AFM ra) corresponds to the correlation length where J INT is the interface coupling exchange between the FM and the AFM spins, K AFM is the magnetic anisotropy constant, and r and a are the grain size and the lattice constant of AFM [10, 17] , respectively. Equation (1) can also be obtained by extending the finitesize scaling of the T N (D) function [8, 14, 15, 18, 19] . This extension, however, is in contradiction to recent work [7] , which suggests that the variation of
could increase with decreasing D because of the proximity effect of the adjacent FM layer [7] . In addition, within the T b (D) function of the FeF 2 /Fe system, the extracted parameter δ = 0.8 in equation (1) is physically unclear, and is much smaller than δ = 1.56 and 1.42 for AFM derived from the Ising and Heisenberg models, respectively [15] . Furthermore, equation (1) 
Model
For an exchange-biased FM/AFM system comprising a thick FM layer with a thickness t FM and an AFM layer with infinite thickness, D → ∞, the magnitude of the exchange bias field at 0 K, H e0 (∞), is related to the FM/AFM interfacial energy, E 0 (∞), where
In this relationship, M FM is the fixed saturation magnetization of the FM layer because the effect of t FM on H e is assumed to be constant in this work. To estimate the value of H e0 (∞), two theoretical approaches have been pursued to determine the value of E 0 (∞). One of them is based on the idea of planar domain walls at a smooth FM/AFM interface, where the AFM spins rotate in the plane. Thus,
2 /a is the exchange stiffness [21] , with J AFM being the exchange integral and S the S-spin of the AFM. Another theory argued that the assumption of an ideal interface was unrealistic, and the roughness of the interface leads to magnetic defects, which give rise to local random fields [22] . Therefore, E 0 (∞) was determined [2] [3] [4] 22] , with z being a number of order unity. A common characteristic of both deductions is
1/2 . According to this relationship and the mean field approximation [23] , J AFM (∞)S 2 ∝ E exc,AFM (∞), and thus,
where E exc,AFM (∞) denotes the spin-spin exchange interaction on the sublattice of the AFM. It is understandable that with increasing T the thermal energy E v (T ) is introduced to decrease the FM/AFM interfacial energy, namely
, where E v (T ) = k B T in light of the Einstein relationship with k B being the Boltzmann constant. At T b (∞), taking E Tb (∞) = 0 as a reference, in terms of equation (2),
If the AFM nanocrystals have the same crystalline structure as that of the corresponding bulks, and the domain walls of the AFM layer are perpendicular to the FM/AFM interface [10, 16, 17, 24] , T b (D) can be obtained as a generalization of equation (3)
Combining this relationship and equation (3) gives
It is well known that the K AFM (D) function shows a strong size dependence due to the reduced symmetry at the surface and interface of thin AFM films, in particular for D < 20 nm [25, 26] . This is assumed to result mainly from the size-dependent exchange anisotropy E exca (D) for the coherent FM/AFM interface [26] . Based on the Ising model,
is assumed, where P = Q/2 with Q being the exchange anisotropy parameters between the three spin components [26] . If P is a negligibly weak function of D, extending the above relationship to nanometre sizes leads to
> 0 is considered and the spin reorientation transition is neglected for simplicity [25, 26] . Note that the effects coming from the atomic step edges and the strain between FM and AFM layers have also been ignored as a further simplification.
Substituting this equation into equation (4) we get Based on this consideration and the mean-field approximation for AFM with sublattice magnetization [23] , similar to FM substances [21, [27] [28] [29] [30] , the E exc,AFM (D) function for thin films has been deduced as [30] 
where S vib (∞) and R are the vibrational entropy of melting of AFM materials and the ideal gas constant, respectively [30] . Substituting equation (6) into (5) leads to
Generally, melting entropy S m (∞) consists of at least three contributions, namely positional S pos (∞), vibrational S vib (∞) and electric S el (∞) [31] :
The idea of a S pos (∞) of melting arises in connection with the positional disorder as a substance undergoes a transition from the solid state to the liquid state. The number of particle species naturally plays a primary role in the disordering process. In the case of simple solids, only two particle species are present: the atoms of the given substance and vacancies [31] . In this case, S pos (∞) is given by [31] (1) (dashed lines) and equation (7) where 
For semi-metals, S el (∞) = 0 and S vib (∞) must be determined in a direct way, i.e. Mott's equation [32] :
where v and μ denote the characteristic vibration frequency and the electrical conductivity, respectively. If the parameters in equation (10b) are unavailable, the following equation can also be utilized as a first-order approximation [31] :
For semiconductors, the melting is accompanied by the semiconductor-to-metallic transition and the elements or compounds suffer contraction in volume rather than expansion for most metals. Thus, S el (∞) strongly contributes to S m (∞), and S pos (∞) S el (∞). S pos (∞) is thus negligible as a firstorder approximation [33] . Namely,
Note that equation (10d) is invalid for some metallic mixing oxides, for instance Fe 3 O 4 consisting of Fe 2 O 3 + FeO, which undergoes a semiconductor-to-metal transition due to the order of the Fe 2+ and Fe 3+ ions on the B sites at 122 K (the so-called Verwey transition), while the melting temperature is far above the Verwey temperature [34] .
Since the FM parameters are assumed to be constants in this work, the FM/AFM structure is determined by S vib (∞) [8, 12] , Py/IrMn [9] , NiFe/IrMn [10] and CoFe/IrMn bilayers [11, 12] . [5] [6] [7] , NiO/NiFe [8] , CoNiO/NiFe [8] , IrMn/NiFe [8] , Py/IrMn [9] , NiFe/IrMn [10] , CoFe/IrMn [11] , IrMn/NiFe [12] , IrMn/CoFe [12] , FeMn/NiFe [13] , MnPt/CoFe [14] and FeF 2 /Fe bilayers [15] . (7). It should be noted that the value of T b (∞) of IrMn comes from the corresponding experimental systems (IrMn/NiFe [8, 10, 12] , Py/IrMn [9] , CoFe/IrMn [11, 12] ) for better fits with the model prediction, while many experimental factors affect T b (∞) [2] [3] [4] , such as the anisotropy, the stoichiometry or the presence of multiple phases and the roughness at the AFM/FM interface [2] [3] [4] . This stress is given because our contribution of equation (7) is to predict the relative difference of
Results and discussion
According to the definition of T b , it is natural to consider that T b should be (at least slightly) below T N and should depend on the strength of the FM/AFM interface exchange field [2-4, 25, 26, 40] . This results from the unidirectional exchange anisotropy and the spin-spin exchange interaction of AFM with sublattice magnetization. It is well known that T b (D) corresponds to the situation at which the AFM spins follow the motion of the FM layer. [7, 15, 30] . Equation (7) 
where the effect of FM layers is set as an invariable. Both The results qualitatively correspond to available experimental evidence with large scatters [5, 24, 41] . Note that since their S vib (∞) values, in a size about the ideal gas constant, are similar (although the substances are different), the curves based on equation (11) (7) and (11), respectively, are still in agreement with experimental data. Note that neglecting the of effect of spin structure on the temperature dependence of the magnetic property does not lead to a big error.
According to this model, it is easy to understand that one has to provide sufficient energy to promote the atomic thermal motion to disorder the spin-spin exchange interaction (11) and the available experimental results for CoO/Fe 3 O 4 [5] , IrMn/NiFe [24] and FeMn/FeNi bilayers [37] .
at AFM and FM layers and the AFM/FM interface [2] [3] [4] [5] 7] . As pointed out in the experimental observations [25, 27] , when D is reduced the lattice vibration increases [25, [27] [28] [29] [30] . Therefore, the thermal vibration energy required to disorder the AFM ordering state decreases. So do the T b (D) and H e0 (D) functions. At T b , although FM and AFM layers remain at ordering states, the thermal vibrational energy reduces the strength of their spin-spin coupling to a certain extent, at which AFM spins easily follow the motion of the FM layer. As a result, no loop shift should be observed except for an increase in coercivity [2] [3] [4] .
In the light of the above analysis, S vib (∞) is the key thermodynamic quantity that determines the atomic vibration and the interaction strength among atoms. This results in an interesting result that the T b (D)/ T b (∞) and H e0 (D)/H e0 (∞) functions are only related to the natural properties of substances: S vib , the size of nanocrystals D and the corresponding bulk values. It should be emphasized that the premise of the predictions of equations (7) and (11) is the bulk properties and size of nanocrystals, while most of the properties of the materials have been embodied in the bulk properties. Thus, our model prediction could be realized in a simple and unified form.
Discussion of δ(D) and ξ functions
Following a mathematical relation of exp(−x) ≈ 1 − x when x is small enough, equation (7) can be simplified as
where C = 4aS vib (∞)/(3R). Equation (12) Table 1 . Parameters utilized in calculations using equations (1) and (7) for AFM materials. δ(∞) = 1. Thus, (1) depends on the non-universal value of the actual coupling strength in ultrathin films [27] [28] [29] 42] , while the δ(D) function in equation (13) further indicates that this dependence is related to ξ . ξ at the FM/AFM interface results from the balance between the anisotropy energy of AFM and the FM-AFM spin exchange coupling energy, ξ ∝ J INT /K AFM [10, 17] . In the meanfield theory, a similar relationship can be given as ξ 0 ∝ J INT0 /K AFM0 , with the subscript 0 denoting the corresponding values of the mean-field approximation. As a result,
As ξ = 4aS vib (∞)/(3R) for D > 10a where equation (12) is valid, δ(D) = 1 in terms of equation (13) , which corresponds to the δ value of the mean-field theory and leads to ξ 0 = 4aS vib (∞)/(3R) in terms of equation (1) [9, 27] . With a good approximation, S vib (∞) ≈ R for compounds and metallic atoms, and a = √ 2h with h being the atomic diameter for face-centred cubic (fcc) structure, ξ 0 ≈ 4 √ 2h/3, which corresponds to the expected value of the FM/AFM exchange interface thickness restricted to h ∼ 2h [43, 44] . It should be mentioned that ξ 0 is a little different for distinct crystalline structures of AFM since there exist different relationships between h and a for distinct crystal structures, such as h = √ 2a/2 and h = (2a 2 + c 2 ) 1/2 /2 for the NaCl structure and the body-centred tetragonal crystal structure, respectively.
Obviously, the experimentally overestimated J INT value in comparison with J INT0 results in ξ > ξ 0 according to equation (14) , while J INT is strongly affected by experimental conditions, as listed in table 1 [2] [3] [4] . In light of the ξ values of CoO, NiO, CoNiO, IrMn, FeMn and MnPt, the δ(D) function determined by equation (13) generally increases with decreasing D, which is shown in figure 5 .
If the value of J INT is derived from the Heisenberg model, where the spin-spin exchange coupling in thin films is assumed to be uniform throughout the films [23, 42] , J INT > J INT0 , ξ > ξ 0 and δ > 1 [10] are also obtained since the exchange coupling near surfaces of thin films in the meanfield approximation is expected to be weaker than that in the bulk [27] [28] [29] [30] 42] . Nevertheless, for AFM materials with much higher anisotropy, such as FeF 2 [15] , ξ is predominantly determined by K AFM , and the effect of J INT is negligible. Thus, ξ ≈ ξ 0 in terms of equation (14) with J INT /K AFM ≈ J INT0 /K AFM0 and δ(D) ≈ 1 with a much weak apparent size dependence according to equation (13) .
If ξ = ξ 0 = 4aS vib (∞)/(3R) and δ = 1 in equation (1), equation (1) is the same as equation (12), in which the parameters are definitely physical, describing all T b (D) functions in the exchange biased FM/AFM bilayers, although equations (1) and (12) are only valid for the thicker film limit [27] . As D → h, equation (7) is more suitable for predicting the T b (D) function, since when D is comparable with h, energetic changes of internal atoms in AFM materials also contribute to T b . 
Conclusion

